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FRQVLVWRI ORZWRPRGHUDWHPDJQLWXGHHYHQWV VKRZLQJPRUHFRPSOLFDWHGVWUDLQUHOHDVHKLVWRULHV6RPHKLJKOLJKWV
IRUWKLVLQFOXGHDVWUXFWXUDOKHWHURJHQHLW\LQWKHVRXUFHYROXPHDQGKHWHURJHQHRXVVWUHVVHV0RJLEKLJK
SRUHSUHVVXUH LQ IDXOW VWUXFWXUHV F FDXVDO UHODWLRQVZLWK VORZ IDXOW VOLS DQGG DQ\ FRPELQDWLRQ RI WKH SUHYLRXV
IDFWRUV7KHDLPRIWKHVWXG\LVWRDQDO\]HDODUJHHDUWKTXDNHORZPDJQLWXGHVZDUPQHDUWKH%HWLFPRXQWDLQIURQWLQ
6RXWK(DVW 6SDLQ 7KLV VHLVPLF VHTXHQFHZDV ORFDWHGZLWKLQ WKH HDVWHUQ*XDGDOTXLYLU EDVLQ QHDU WKH YLOODJHV RI
7RUUHSHURJLODQG6DELRWH)LJXUH,QRXUDQDO\VLVZHFRPELQHGLIIHUHQWVHLVPRORJLFDOUHODWLRQVKLSVWRLPSURYH
RXUXQGHUVWDQGLQJRIWKHSK\VLFDORFFXUUHQFHSURFHVV
7KH%HWLF&RUGLOOHUDZKLFKLVFRQQHFWHGZLWKWKH5LIDFURVVWKH*LEUDOWDU$UFLVWKHZHVWHUQPRVWHQGRIWKH$OSLQH
0HGLWHUUDQHDQEHOW,WGLVSOD\VDQDSSUR[LPDWHO\OLQHDU(1(:6:WUHQGLQJFRQWDFWZLWKWKH,EHULDQIRUHODQGDFURVV
PRVWRIVRXWKHUQ6SDLQIURPWKH*XOIRI&iGL]WR6LHUUD&D]RUOD0RXQWDLQV0RUDOHVHWDO,WVIRUPDWLRQDV
SRLQWHGE\6DQ]GH*DOGHDQRLVGULYHQE\WKH16WR11:66(FRQYHUJHQFHEHWZHHQWKHPDMRU(XUDVLDQ
DQG$IULFDQSODWHVWKDWLQWHUDFWHGZLWKWKHZHVWZDUGGLVSODFHPHQWRIWKH$OERUiQ'RPDLQORFDWHGLQEHWZHHQ3ODWW
HWDO7KLVEDVLQEHFRPHVQDUURZHUDQGVKDOORZHUWRZDUGVWKH(DVWLQWKHXSSHU*XDGDOTXLYLU9DOOH\ZKHUH
WKH  7RUUHSHURJLO6DELRWH VHLVPLF VZDUP WRRN SODFH 7R WKH (DVW RI WKH HSLFHQWUDO DUHD DV VKRZQ LQ
)LJXUHWKHOLQHDUJHRPHWU\RIWKHIRUHODQGEDVLQLVDEUXSWO\LQWHUUXSWHGE\WKHQRUWKZDUGSURWUXVLRQRIWKH6LHUUD
&D]RUOD0RXQWDLQV

)LJXUH*HRORJLFDOPDSRIWKHERXQGDU\EHWZHHQWKH,EHULDQ0DVVLIDQGWKH%HWLF&RUGLOOHUDLQWKHHDVWHUQ*XDGDOTXLYLU%DVLQ
PRGLILHGIURP6iQFKH]*yPH]HWDO

6HLVPLFFRQWH[WDQGWKHWRUUHSURJLOVDELRWHVHLVPLFVZDUP

7KH %HWLF &RUGLOOHUD DW WKH (XUDVLD$IULFD SODWH ERXQGDU\ LV WKH UHJLRQ LQ WKH ,EHULDQ 3HQLQVXOD ZLWK KLJKHVW
VHLVPLFDFWLYLW\DQGVHLVPLFKD]DUG7KHVWXGLHGDUHDORFDWHGLQWKHHDVWHUQ*XDGDOTXLYLUIRUHODQG%DVLQLVVOLJKWO\
DIIHFWHG E\ VHLVPLFLW\ 3HOiH] DQG /RSH] &DVDGR  DQG VKRFNV RI PDJQLWXGH JUHDWHU WKDQ  DUH VFDUFH
'HVSLWHVRPHVLJQLILFDQWHDUWKTXDNHVDIIHFWHGWKHUHJLRQLQWKHSDVWWKHVHLVPLFLW\LQWKHVWXGLHGDUHDVHHPVWREH
UHODWHGWRVHLVPLFVZDUPVZLWKORZPDJQLWXGHPE/JDQGVKDOORZGHSWKNP$PRQJWKHPZHFDQTXRWH
WKHVHLVPLFVZDUPVRI0DQFKD5HDOLQ$UTXLOORVLQDQG%DH]DLQ3HOiH]HWDO
7KH7RUUHSHURJLO6DELRWH VHLVPLF VHTXHQFH WKHPRVW UHFHQWRQHRFFXUUHG IURP2FWREHUWK  WR0D\WK
 LQFOXGHVPRUH WKDQ ORFDWHGHYHQWVZLWKPDJQLWXGH LQ WKHUDQJHPE/J WR 07KHVHHYHQWV
ZHUHORFDWHGLQWKHHDVWHUQPRVWSDUWRIWKH*XDGDOTXLYLU%DVLQLQVRXWKHUQ6SDLQE\WKH6SDQLVK,*17RLPSURYH
WKHHYHQWORFDWLRQDVSRLQWHGE\3HGUHUDHWDOVL[PRELOHVWDWLRQVIURPGLIIHUHQWLQVWLWXWLRQVZHUHDGGHGWR
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WKHSHUPDQHQWVHLVPLFVWDWLRQVLQWKHUHJLRQE\,*17KHVHLVPLFVZDUPHYHQWVZHUHWKHQUHORFDWHGE\3HOiH]HWDO
XVLQJWKHZHOONQRZQFRGH+\SR'':DOGKDXVHU7KHSKDVHGDWDSURYLGHGE\WKH6SDQLVK,*1ZHUH
XVHGDQGRQO\HYHQWVZLWKPDJQLWXGHDERYHPE/J DQGUHFRUGHGDWOHDVWE\VHLVPLFVWDWLRQVZHUHFRQVLGHUHG
LQWKHUHORFDWLRQSURFHVV
,QRUGHUWRUHGXFHWKHORFDWLRQHUURUVRQO\WKH3SKDVHVZHUHXVHGHPSOR\LQJGLIIHUHQFHVDPRQJFRXSOHVRIHYHQWV
ZLWKDWOHDVWGLIIHUHQWYDOXHV(YHQVRWKHILQDOQXPEHURIUHORFDWHGHYHQWVZDVZLWKPHDQUHODWLYHORFDWLRQ
HUURUVIRUHDUWKTXDNHVZLWKPDJQLWXGHDERYHEHORZPERWKLQKRUL]RQWDODQGYHUWLFDODQGPRUHIRUHYHQWV
ZLWKPDJQLWXGHOHVVWKDQ(YHQWVZHUHORFDWHGLQWKHXSSHUFUXVWDERYHNPGHSWKDQGPDLQO\FOXVWHUHGLQWKH
UDQJHNP)LJXUHGLVSOD\V WKHHSLFHQWUDO DQGK\SRFHQWUDOGLVWULEXWLRQRI WKH UHORFDWHGHYHQWV 3HOiH]HW DO
 )URP WKLV UHVXOW DQG WDNLQJ LQWR DFFRXQW WKH ORFDWLRQ HUURUV WKH ORFDWLRQV GHILQH D FOHDU EURDG DOLJQPHQW
WUHQGLQJ1(WKDWFRLQFLGHVZLWKWKHVWULNHRIWKHWUDQVSUHVVLYHIDXOWUHODWHGPRQRFOLQHV

)LJXUH(SLFHQWUDODQGK\SRFHQWUDOGLVWULEXWLRQVRIWKHUHORFDWHGHYHQWVPRGLILHGIURP3HOiH]HWDO
7KHWRWDOUHOHDVHGVHLVPLFPRPHQWLVHTXDOWRāG\QāFP)URPWKH)LJXUHWKUHHFOHDUWHPSRUDOSKDVHVDUH
GHOLPLWHGHDFKRQHUHVSRQGLQJWRDW\SLFDOSDWWHUQRIWHFWRQLFVHLVPLFVHULHV


)LJXUH&XPXODWLYHVHLVPLFPRPHQWUHOHDVHDQGQXPEHURIHDUWKTXDNHVE\GD\PRGLILHGIURP3HGUHUDHWDODQG6iQFKH]*yPH]HWDO

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7KHILUVWSKDVHVWDUWVRQ2FWREHUWKDQGILQLVKRQ1RYHPEHUWKLQFOXGLQJDERXWHDUWKTXDNHV
DQGUHOHDVLQJDWRWDOVHLVPLFPRPHQWHTXLYDOHQWWRDQHDUWKTXDNHZLWKPDJQLWXGHPE/J7KHVHFRQGRQHVSDQV
IURP'HFHPEHUWKWR-DQXDU\WKLQFOXGLQJHYHQWV7KHPRVWHQHUJHWLFHYHQWLQWKLVVHFRQGSKDVH
ZDVDPE/JHYHQWRFFXUUHGRQ'HFHPEHUWK7KHUHOHDVHGHQHUJ\LQWKLVSKDVHZDVHTXLYDOHQWWRDPE/J
 HDUWKTXDNH )LQDOO\ WKH WKLUG SKDVH VSDQV IURP -DQXDU\ WK WR 'HFHPEHU  LQFOXGLQJ  HYHQWV 7KH
UHOHDVHG HQHUJ\ DQG WKH UHOHDVHG VHLVPLFPRPHQW LQ WKLV WKLUG SKDVH DUH WKH VDPH WKDQ WKH UHOHDVHG RQHV LQ WKH
SUHYLRXV RQH DOWKRXJKZLWK D OHVV QXPEHU RI HDUWKTXDNHV'XULQJ WKH WKLUG SKDVH WKH ELJJHVW HDUWKTXDNH RI WKH
HQWLUHVHLVPLFVHULHVZDVUHFRUGHGDQHYHQWZLWKPDJQLWXGHPE/J0,WRFFXUUHGRQ)HEUXDU\WKDQG
ZDVIHOWLQWKHWRZQRI7RUUHSHURJLOZLWKLQWHQVLW\9(06VFDOH,WZDVUHFRUGHGMXVWVHFRQGVDIWHUDQRWKHU
HDUWKTXDNHZLWKPDJQLWXGHPE/JERWKHDUWKTXDNHVIRUPLQJDGRXEOHW7KHIRFDOPHFKDQLVPIRUWKLVHYHQWZDV
FRPSXWHGE\WKH6SDQLVK,*1EHLQJGHSLFWHGLQ)LJXUH
7KHSHUIRUPHGDQDO\VLVVWXGLHVWKHVL]HGLVWULEXWLRQRIWKHVHLVPLFDFWLYLW\E\TXDQWLI\LQJWKH*XWHQEHUJ5LFKWHUb
YDOXH DQG WKH IUDFWDO GLPHQVLRQD2 DV DQ LQGLFDWRU RI WKH PDWHULDO KHWHURJHQHLW\ DQG VWUHQJWK 7KH IUHTXHQF\
PDJQLWXGHGLVWULEXWLRQRIHDUWKTXDNHVLVFKDUDFWHUL]HGE\WKH*XWHQEHUDQG5LFKWHUUHODWLRQVKLS

ORJNm abāmmmc 
ZKHUHNmLVWKHQXPEHURIHDUWKTXDNHVDERYHWKHPDJQLWXGHmDQGmc WKHWKUHVKROGPDJQLWXGHIRUZKLFKDOO
HYHQWV DUH UHSRUWHG WR RXU GDWDEDVH WKH VHLVPLF VZDUP VHTXHQFH 7KH WKUHVKROG PDJQLWXGH FRPSXWDWLRQ LV
SHUIRUPHGXVLQJGLIIHUHQWDSSURDFKHV7KHYDOXHVDUHLQDVPDOOLQWHUYDOPE/J"IRUWKHWKUHHSKDVHV8VLQJWKH
$NL¶VPD[LPXPOLNHOLKRRGSURFHGXUHZLWKGDWDELQQHGLQFODVVHVǻm ZLGHWKHREWDLQHGbYDOXHVDUH
HTXDO WR   DQG  IRU WKH WKUHH FRQVLGHUHG SKDVHV )RU WKH FRPSOHWH VHLVPLF VZDUP
VHTXHQFHaDQGbYDOXHVDUHHTXDOWRDQG)LJXUHGLVSOD\VWKHILWGDWDIRUWKHWKUHHSKDVHV
DQGWKHFRPSOHWHVHLVPLFVZDUP


)LJXUHDWRG/LQHDUILWVRIWKHGDWDWRD*XWHQEHUJ5LFKWHUUHODWLRQVKLS
(VWLPDWHGSDUDPHWHUVDQGWKHWKUHVKROGPDJQLWXGHDUHJLYHQRQWKHSORW

,W LVZHOONQRZQWKDWVRXUFHSURSHUWLHVRIVHLVPLFVZDUPHYHQWVDUHJLYHQE\WKHPRPHQW WHQVRU LQYHUVLRQZKLFK
UHSUHVHQWV WKH DFWXDO IDLOXUHPHFKDQLVP RI WKH URFN EDVHG RQ WKH REVHUYHG UDGLDWLRQ SDWWHUQV RI 3 DQG 6 SKDVHV
+RZHYHUDFFXUDWHORFDWLRQVDQGIDLOXUHPHFKDQLVPVIRUHDFKVHLVPLFVZDUPHYHQWVDUHQRWHDV\WRREWDLQGXHRIWHQ
WRSRRUVLJQDOQRLVH UDWLRVDQGVPDOODSHUWXUHDFTXLVLWLRQJHRPHWU\$QDOWHUQDWLYH LV WRXVH VWDWLVWLFDODQDO\VLVRI
VHLVPLFVZDUPHYHQWVL]HDQGVSDWLDOGLVWULEXWLRQVWRLQIHUFKDQJHVLQORFDOVWUHVVHV7KHbYDOXHRIWKH*XWHQEHUJ
5LFKWHUUHODWLRQVKLSLVXVHGLQWKLVVWXG\DVDQLQGLFDWRURIWKHVWUHVVUHJLPH6FKRUOHPPHUHWDO
)RUbYDOXHVOHVVWKDQWKHYHUWLFDOVWUHVVSvLVPLQLPDOLQGLFDWLQJDFRPSUHVVLYHUHJLPH
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,IWKHYHUWLFDOVWUHVVLVLQWHUPHGLDWHWKHbYDOXHZLOOOLNHO\EHDURXQGWKHXQLYHUVDOYDOXHRIXQLW\LQGLFDWLQJVWULNH
VOLS IDXOWLQJ ,I LW H[FHHGV  WKHQ WKH VWUHVV UHJLPH LV H[WHQVLRQDO:LWK SH DQG Sh GHQRWLQJ WKHPD[LPDO DQG
PLQLPDOKRUL]RQWDO VWUHVVZHFDQVXPPDUL]HDV IROORZD IRUbYDOXHV OHVV WKDQSH!Sh!SvDQG WKHUH LVD
FRPSUHVVLYHUHJLPHEIRUbYDOXHVaSH!Sv!ShDQGWKHUHLVDVWULNHVOLSUHJLPHDQGFIRUbYDOXHVJUHDWHU
WKDQSv!SH!ShDQGWKHUHLVDQH[WHQVLRQDOUHJLPH,QRUGHU WRFRQVLGHU WHPSRUDOYDULDWLRQVLQbYDOXH WKH
VOLGLQJWLPHZLQGRZDSSURDFKZDVXVHG)ROORZLQJ*UREDQG9DQGHU%DDQDQGDFFRUGLQJWRWKHREWDLQHG
JOREDObYDOXHHTXDOWRLWLVLQDJUHHPHQWZLWKDVWULNHVOLSVWUHVVUHJLPH$QDO\]LQJWKHYDULDWLRQRIWKH
bYDOXHYV.WLPH)LJXUHGLIIHUHQWVWUHVVUHJLPHVFDQEHGHGXFHGDQH[WHQVLRQDOUHJLPHDWWKHEHJLQQLQJZLWKD
UHODWLYHO\ KLJKbYDOXH SUREDEO\ GXH WR WKH RSHQLQJ RI IUDFWXUHV IROORZHG E\ D GHFUHDVH RIbYDOXH DURXQG 
VXJJHVWLQJDVWULNHVOLSUHJLPH7KHDQDO\VLVRIWKHWHPSRUDOYDULDWLRQRIWKHbYDOXHFRUURERUDWHVWKHVWDWHPHQWWKDW
WKHRFFXUUHQFHRIKLJKPDJQLWXGHHYHQWVLVSUHFHGHGE\DGHFUHDVHLQWKHbYDOXHV,WLVFOHDUO\VKRZQRQWKH)LJXUH
 WKDW VRPH HYHQWV UHODWLYHO\ ELJJHU WKDQ RWKHU RQHV DUH SUHFHGLQJ E\ D GHFUHDVH LQ WKHbYDOXH 7KUHH RI VXFK
HYHQWVDUHSRLQWHGRXWLQWKHILJXUH


)LJXUHEYDOXHWHPSRUDOYDULDWLRQ'DVKHGOLQHUHSUHVHQWVEı

6SDWLDOGLVWULEXWLRQDQDO\VLV
6SDWLDOVHOIVLPLODULW\FDQEHGHPRQVWUDWHGE\H[DPLQLQJWKHGLVWULEXWLRQRIGLVWDQFHVEHWZHHQSDLUVRISRLQWVLQD
GDWDVHWRYHUDUDQJHRIGLVWDQFHV7XUFRWWH$GLPHQVLRQDOLW\DQDO\VLVXVLQJWKHIUDFWDOGLPHQVLRQD2RIWKH
UHORFDWHG VHLVPLF VHTXHQFH KDV EHHQ SHUIRUPHG 7KH REWDLQHG UHVXOWV DUH HTXDO WR   DQG
IRUSKDVHVDQGUHVSHFWLYHO\7KHD2YDOXHREWDLQHGIRUWKHHQWLUHVHLVPLFVZDUPVHTXHQFHLVHTXDO
WR)LJXUH

7KHVSDWLDOGLVWULEXWLRQRIHYHQWV)LJXUHDOVRDOORZVWRGHULYHWKUHHFOXVWHUVLQVSDFH7KHFRPSXWHGbYDOXHVDUH
HTXDOWRDQGUHVSHFWLYHO\IRUWKHWKUHHFRQVLGHUHGFOXVWHUV$VDQH[DPSOHUHVXOWV
IRUFOXVWHUDUHVKRZQRQ)LJXUH

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
)LJXUHDWRGDWRG/LQHDUILWRIORJCrvs.ORJrIRUWKHWKUHHWHPSRUDOSKDVHVDQGIRUWKHHQWLUHVHLVPLFVHTXHQFH




)LJXUH&XPXODWLYHQXPEHURIHYHQWVIRUFOXVWHURYHUWKUHVKROGPDJQLWXGH
7KHSORWRIWKHILWE\VWUDLJKWOLQHRIWKHSORWlog10 C(r) vs log10 (r)WKHVORSHD2DQGLWVXQFHUWDLQW\DUHJLYHQ

6XPPDU\DQGFRQFOXVLRQ

:HKDYHVWXGLHGDUHFHQWVHLVPLFVZDUPZKLFKRFFXUUHGLQ6RXWK6SDLQQDPHGWKH7RUUHSHURJLO6DELRWHVHLVPLF
VZDUP 7KH HVWLPDWHG bYDOXHV RI WKH *XWHQEHUJ5LFKWHU UHODWLRQVKLS DUH LQ JRRG DJUHHPHQW ZLWK WKH bYDOXHV
REVHUYHGLQRWKHUWHFWRQLFVHULHV)RUWKHHQWLUHVHLVPLFVZDUPWKHREWDLQHGbYDOXHDJUHHVZLWKDQRYHUDOOVWULNH
VOLSVWUHVVUHJLPH7KHWHPSRUDOYDULDWLRQRIWKHbYDOXHDOORZVGHVFULELQJWKHRFFXUUHQFHSURFHVVDVDQH[WHQVLRQDO
UHJLPHDWWKHEHJLQQLQJZLWKDKLJKbYDOXHGXHSUREDEO\WRWKHRSHQLQJRIIUDFWXUHVIROORZHGE\DGHFUHDVHRIb
YDOXH DURXQG WKH XQLW\ VXJJHVWLQJ D VWULNHVOLS UHJLPH 7KH SHUIRUPHG DQDO\VLV RI WKH GLPHQVLRQDOLW\ RI WKH VXE
VZDUPWLPHVHULHVLQHDFKFOXVWHUH[KLELWFOHDUWHQGHQF\LQWKHWZRILUVWFOXVWHUVDQGDGLIIXVHVHLVPLFLW\LQWKHWKLUG
RQH


72   José A. Peláez et al. /  Procedia Earth and Planetary Science  15 ( 2015 )  66 – 72 
$FNQRZOHGJHPHQW

:HDUHJUDWHIXOWRWKHVXSSRUWRIWKH&RXQW\&RXQFLORI-DpQ6SDLQDQGWKH$QGDOXVLDQ5HVHDUFKJURXS510
³6HLVPLFULVNDQGDFWLYHWHFWRQLFV´
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